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INTRODUCTION 

It has been known for some time that stresses in metals and 
other solids can produce small changes in the velocity of propaga,tion of 
ultrasonic waves.w These stress-induced velocity effects are relatively 
small when compared to velocity changes due to other variables, such as 
alloy differences or preferred grain orientation. Because the stress 
effect is relatively weak it has not found widespread use in stress analysis 
applications even though considerable research has been directed toward 
this end, particularly in regard to the analysis of residual stresses, 
This program was initiated to determine the feasibility of using stress- 
induced changes in ultrasonic propagation parameters in analyzing the pre- 
load on aerospace fasteners, particularly threaded bolts. 

There are two distinctly different applications for an ultra- 
sonic load analyzer. The first application involves the analysis of load 
or stress levels during actual assembly, i.e., while the bolt is being 
tightened. In this application we might think of the ultrasonic measure- 
ment as a substitute for torque wrench readings. Since ultrasonic tech- 
niques will probably be more complicated, they must have significant 
advantages, such as improved accuracy, if they are to be used over the 
torque wrench which often exhibits errors of zk 25%. The original goal of 
this program, as set by NASA, was to develop a technique which would pemni.t 
bolt preloads to be established with errors of only 5 1%. 

The second potential application of ultrasound to bolt loadi 
analysis is in evaluating the post-assembly load, perhaps weeks Dr months 
after assembly and possibly after exposure to various environments including 
intense vibration. In this application, the torque wrench is of little 
value unless the bolts can be Loosened and retorqued. At the present time 
there is no satisfactory answer to the post-assembly load analysis problem. 

The two analysis problems discussed above also place very different 
requirements on an ultrasonic system. In this program, major emphasis 
has been placed on load analysis during assembly, but the post -assembly 
problem has been investigated also. 

This report contains a discussion of fastener load meas~rernent 
problems together with a rather complete description of the tests and 
analyses performed during this program. As expected, the ultrasonic results 
are very dependent on the geometry and surface condition of both the head 
and threaded end of a given bolt configuration. Under rather idealized 
conditions, ultrasonic measurements can be related to bolt loads with errors 
of less than zk 1%. The errors generally increase as the idealized conditions 
degenerate, but during the course of this program it has been demonstrated 



.tkia,t in. simulated torquing operations on some "as received" bolts, the 
ultrasonic technique can yield reproducible results with errors of about 

374, Factors which may produce larger errors have been investigated and 
the res~zlts are discussed in this report. 

11. REQUIEENENTS AND TECHNIQUE SELECTIOB 

As mentioned in the introduction, the velocity of ultrasonic 
?rraves in a metal is influenced slightly by stress. Some techniques, based 
on ultrasonic shear waves,g can be used to evaluate stress-induced velocity 
changes without any additional influence from the dimensional changes 
which mmnally accompany the stress. However, such techniques are not 
readily applicable to bolts because the stress direction must be perpen- 
c'icular to the propagation direction. In the bolt load problem, these two 
directions are collinear. It is also difficult to separate velocity and 
ie~gth effeets so we necessarily evaluate the combined effect of both 
length and vel.ocity. 

In order to better understand the velocity and length changes 
produced by a tensile load, consider the bolt sketches shown in Figure 1. 
The bolt is stretched in normal applications where the tensile stress 
~dithira the bolt counteracts some external force. The overall length in- 
creases by some increment AR and the velocity in the stressed region may 
change by an increment Av , which we will assume can be either positive 
3r negative, Although we are primarily interested in the stressed region, 
1;e are Ccrced to examine ultrasonic parameters which are also influenced 
by metal outside of the stressed region. For example, assume that the 
round trip transit time of an ultrasonic pulse is to be evaluated as the 
pulse travels from the bolt head to the threaded end and back to the head. 
The transit time in the stressed bolt is dependent on both AR and Av . 
I.le can assme that is less than the strain produced by yield point R 
stresses, i . e ., , approximately 0.2%. Previous measuranentsy suggest that 
& is of t'ne same order of magnitude. Thus, the fractional change in 
-7 

AT can be estimated to be in the range 10-2 to 10-3. transit time, - 
T 

Adilqdate measurement of such small changes normally requires techniques 
l~i ' ;h  errors of less than 1 part in 104 to 105, considerably beyond standard 
plse-echo tr21,nsit time measurements. Some form of ultrasonic interferometry 
1s usuaLly necessary- for such accuracies. 

During the early phases of this program, preliminary experiments 
were performed to confirm the magnitude of the expected effect and to demon- 
strate that iinterferome%ric techniques could be applied to the problem. A 
literature search was made to uncover all potential techniques, of which 
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Figure 1 - Sketches of Bolts Showing Effect of Stress 



the iiios"; promising were selected for further study and experimentation. 
The techniques which received primary study included the two-specimen 
irt erf erometer ,&/ pulse superposition,g pulse -echo overlap ,g and an 
interferometri c method first described by Perrvshin and ~ilippov ,l/ but 
s ibsecpently niodif ied by Benson and AS sociatesg and called the frequency- 
nuSL teehniqu-e. All of these techniques theoretically have sufficient 
accuracy for the bolt load analysis problem so final selection was primarily 
based on relative simplicity and applicability to ultimate field type 
tzsting, The two-specimen interferometer does not yield continuous readings 
as readily as the frequency-null technique; furthermore, it requires a 
relatively large number of echoes whereas the frequency-null technique 
requires only one echo. Mul.tiple echoes (at least two) are also required 
for both the pulse super-gobition and pulse-echo overlap technique. There 
are several ~C~vantages in using only the first echo. Generally the first 
echo is the ~t~rongest (in fact, it may be the only one available) and is 
less complicated by interference with unwanted noise. Thus, a modified 
frequency-null. technique was selected for major experimental testing and 
is described in Section 111. 

Dwing the later months of this program we became aware of some 
research by other workers concerned with the ultrasonic measurement of 
bolt loads, H.. J. McFaul and co-worker& have developed a compact in- 
strument which essentially measures the change in ultrasonic round trip 
transit time a.s the bolt is loaded. Readout is accomplished with a meter, 
the scale of which is marked in units of elongation. The referenced re-gorty 
does riot incltide enough data to really establish performance characteristics, 
'ai~t, we are eorifident that the inherent accuracy of the time-of-flight measure- 
ment is consiclerably less than the interferometer method used in this program. 
Nevertheless, the greater compactness and ease of operation of the time- 
of-flightinstrument are important advantages. The desired accuracy will 
cLLtLrnately govern the preferred instrumentation. 

111. THE FREQUENCY-NULL TECmIQUE 

A simplified diagram of instrumentation for the frequency-null 
teehnicfde is shown in Figure 2. The signal generator provides a variable 
frequency CW signal which is fed to a frequency counter and a gated ampli- 
47+ er The gated rf pulse from the amplifier drives the piezoelectric trans- 
ducer which is coupled to one end of the bolt under investigation. Using 
this arr~ngement, the frequency of the rf pulse is controlled at the signal 
generator and can be accurately determined by the frequency counter. The 
electrical si~nals created at the transducer by ultrasonic echoes from the 
opposite end of the bolt are then fed through a TR switch to one input of 
a differential preamplifier on the oscilloscope. The TR switch is utilized 



Figure 2 - Block Diagram of Frequency-Null Interferometer  



"r, reduce saturat ion i n  the  preamplifier by blocking passage of the  large 
?zis-ing pulse and permitting the  weaker echoes t o  pass. Par t  of the CW 
signal from t h e  s ignal  generator serves as the  other input t o  the d i f f e r en t i a l  
preamplifier where it i s  ult imately mixed with the  echo signals from the 
bo l - c  a 

,b.y of the pulse echoes can be u t i l i z e d  i n  taking data but we 
YIZV-e effphasized use of the  f i r s t  echo because it i s  l e s s  l i ke ly  t o  be 
con;"Llsed by unwanted signals from side wall  ref lect ions ,  beam spreading, 
s l ~ w e r  modes, e tc .  Data a re  obtained by varying the frequency and amplitude 
of the f i r s t  echo u n t i l  almost complete destructive interference between 
the CT:j and pulse s ignal  i s  observed on the oscilloscope. The frequency as 
determine? by the counter i s  then recorded. I f  a s t r e s s  i s  applied t o  the  
bolt, the frequency must be varied i n  order t o  maintain the interference,  
o r  fi~1.11 condition. 

Oseillograms showing various echo pat terns  and frequency-null 
presentations a re  shown i n  Figure 3. The top oscillogram i s  simply the 
p,tlse-echo pat tern from an aluminum bol t .  The center photo shows the sane 
p,"i;ern afcer mixing with the CW signal.  The bottom photo shows the mixed 
pette-n a t  an expanded sweep and with the  frequency adjusted f o r  n u l l  
condi5ions a t  t he  f i r s t  echo. Clean echoes such as those shown i n  Figure 
L c.m- be reproducibly nulled with frequency var ia t ions  of l e s s  than 100 
-Tz. Assuming a typ ica l  CW frequency of 10 MHZ it i s  c lear  tha t  a given 
rd.1 fxeq~~ency can be determined with an error  of about 1 part  i n  105. 

I n  the  prototype instrumentation, developed i n  t h i s  program 
aria desc~ibed  i n  more d e t a i l  l a t e r ,  a phase detector c i r c u i t  was added t o  
t h e  dlagr,m of Figure 2. The output of the  phase detector,  as  displayed 
on the scope and used t o  monitor the  n u l l  condition, i s  l e s s  sensi t ive  t o  
m:pl.itude variations and thus f a c i l i t a t e s  operation. 

As mentioned previously, the  frequency required t o  maintain a 
g ~ v e n  n u l l  ~ c n d i t i o n  varies with the s t r e s s  o r  load on the bo l t .  Appendix 
A ;ncludes a simple derivation f o r  the interdependence between the n u l l  
2rec;uency and the s t r e s s  or  load condition. For bo l t s  which a re  threaded 
over the 011: length (see Figure 4a), the expression re la t ing  the f rac t iona l  

A f chsage i n  frequency, - , and the s t r e s s ,  S , or  load, L , i s  as follows: 
f 

wkere It i s  the t o t a l  length of the bo l t ,  Qs i s  the  length subjected 

50 stress (defined approximately as  the  distance between the her5 and nut 
as shorn i n  Figure 4a), and As i s  the effect ive cross sect ional  area oi 
t h e  threads,  



Figure  3 - Oscillograms Showing Pulse  Echo P a t t e r n  (TOP), Same P a t t e r n  
A f t e r  Mixture With CW S igna l  ( c e n t e r ) ,  and Expanded Sweep 

P resen ta t ion  of Mixed S igna l  With Frequency 
Adjusted f o r  Nul l  Condit ion a t  F i r s t  Echo 



The term, ($/2 - cr), is a constant for a given material but 
aiflers from one metal to another. Beta is a complex term containing material 
constants shich define the stress-induced change in velocity, whereas cr 
is simply the reciprocal of Youngts modulus and defines the stress-induced 
ehacge in length. Expression (1) is strictly valid only for stresses below 
- , L ~ e  L yield strength. Thus, in the elastic region Af should be linearly 

re%.ated to stress. 

Expression (1) is also based on a uniform stress over the length 
As . Eo~rever, in a partially threaded bolt, such as that shown in Figne 
Cs, it is clear that As is divided into two distinct stress areas. Since 
Eke efTective diameter of the threaded area is less than that of the un- 
threaded area, the stress will be greater in the threaded portion. It is 
e s-hple -cask to modify Expression (1) to include two stressed lengths, 
Rs and Rs" subject to stresses S and St , respectively. The result 
is 

Since the stress in each sublength is related to the overall load, L , 
and the effective cross-sectional area A , we can further modify (2) as 
follows : 

1 2 . ~  b 2 / 8  is still linear in L , but for a given alloy and load, we see 
ckat ~f/f also depends on five dimensions, all of which must be considered 
I n  determining the desired Af value for a particular bolt application. 

It should be emphasized that when the frequency is varied over a 
i-ide range many null conditions are observed. From Appendix A one can see 
that mils occur each time an integral number of wavelengths fit into the 
501% length, When the load on a bolt is altered, during tightening for 
cxample, we attempt to maintain the same number of wavelengths within the 
bolt by keepivlg the same null condition. To do this we must alter the 
C:equei._cy, f , to compensate for the changing ultrasonic velocity and bolt 
length. The resulting Af is the quantity referred to in Expressions (1) - 
( 3 )  " 

fincther frequency difference, AF , which can be measured using 
"Ge frequency-null technique is obtained by evaluating the frequencies of 
adjacent nulls, i.e., two interference conditions represented by n and 
(n+l) wavelengths within the specimen. The value of AF is related to 
the total transit time, T , as follows: AF = 1/~. 



Figure 4 - Bolt and Nut Diagrams Showing Relationships Between Total Length, 
4% , and Stressed Lengths, Rs and A s ,  , f o r  Tota l ly  Threaded 
Bolts ( l a )  and P a r t i a l l y  Threaded Bolts ( l b ) .  



A t  f i r s t ,  it might appear t ha t  a measurement of AF should be 
a convei~ient way of evaluating b o l t  loads, since t he  t r a n s i t  time does vary 
75th Load, following discussion w i l l  show, however, t h a t  t he  accuracy 

02  he method i s  qui te  l imited.  The round t r i p  t r a n s i t  time i n  a 2 i n .  
:on3 bo Lt i s  approximately 20 psec. Thus, AFo i s  about 50 KHz. If t h e  
7;cansi-c time :s now changed from To t o  Ts by appl icat ion of s t r e s s ,  the  
ial~.,~e oi: AF, w i l l  change from 50 KHz by about 1 par t  i n  102, o r  500 Hz. 

Ilo~rever, %he e r ror  associated with evaluating AF i s  a l so  about 500 Hz. 
'r'bz accuracy (:an be improved somewhat by scanning across many nu l l s .  I f  
10 n~tlLx are scanned, the  value of AF for  t h e  f u l l  scan would be 500 KHz, 
a x  the quanti ty ( A - F )  would be about 5,000 Hz. For the  10 n u l l  
scan, t h e  er ror  i n  evaluating t he  t r a n s i t  time, To , can probably be held  
;O Less than 1% but the  e r ro r  i n  evaluating ( T ~ - T ~ )  s t i l l  would exceed 
0 Thus, ~,~tii.lile AF measurements might he lp  evaluate loads subsequent 
l;o -,he 'corquing operation, t h e  accuracy w i l l  not be high and it w i l l  be 
necessary to  keep precise  records of t he  reference reading f o r  each b o l t .  
1%  till also  be necessary e i t he r  t o  make a l l  measurements a t  the  same 
T;ein:;3era:ure or= t o  make adequate corrections f o r  changes of temperature. 

I V ,  FACTORS AFFECTING ACCURACY 

The bo l t s  which were examined during Phase I of t h i s  program a r e  
~ k i ~ ~ h m  f:t? FLgu2:es 5 and 6 .  Those shown i n  Figure 5 were supplied i n  l imi ted 
n1yurflIers bg the  Marshall Space Fl ight  Center and a r e  fu r ther  described i n  
Tdble I. The b o l t s  of Figure 6 were purchased l oca l l y  i n  quanti ty f o r  
. L ~ - . L  - A L . S  Vnat required large  numbers of specimens. Many of our preliminary 
tes-Ls were pe~:fomed using the  3/4 in .  aluminum b o l t  configuration shown 
Ln ?Lg?;ilre 6 and designated MRI-1.  Direct coupling of a transducer t o  the  
head o f  these bo l t s  was made d i f f i c u l t  by a small ra i sed  "bump" i n  t h e  
cen te r .  After removal of the  bump with 400 g r i t  paper, sa t i s fac tory  echo 
patterns were achieved a t  a frequency of 10 MHz. Small commercial t r ans -  
ducers 34qere ff irst  coupled t o  the  b o l t  head using s i l i cone  vacuum grease 
m c l  a holding f i x t u r e  as  shown i n  Figure 7 .  Using t h i s  type of arrangement 
.:,~~ith t he  bolt:; loaded i n  a Skidmore-Wilhelm torque-tension t e s t e r ,  A f -  
-versus-Load data were obtained s imilar  t o  those shown i n  Figure 8. 



Figure 5 - NASA Supplied B o l t s  



Figure  6 - B~lts Purchased Locally for Frequency Null Inspection 
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TABLE I 

Code Number 

NAS 676 V8 
NAS 674 V8 

NAS 1312-29 
NAS 1306-12W 
NAS 1304-8W 

~FOIIMATION ON NASA BOLTS INVESTIGATED DURDTG PHASE I 

Ultimate Tensile 
Size Material  Strength of Material Configuration Comments 

3/8 x 1.078 6-4 Titanium -158,000 p s i  Hex 
1/4 x 0.925 6-4 Titanium -158,000 p s i  Hex 

3/4 x 3.781 Aluminum - 60,000 p s i  Hex 
5/16 x 1.219 Aluminum rV60,000 p s i  Hex 
1/4 x 1.031 Aluminum - 60,000 p s i  Hex 

3/4 x 3.906 431 S ta in less  -. 120,000 p s i  Hex 
3/8 x 1.578 431 S ta in less  - 120,000 p s i  Hex 
1/4 x 1.032 431 S ta in less  - 120,000 p s i  Hex 

3/4 x 3.062 4140 S t ee l  - 160,000 p s i  I n t  . Wrench 
3/8 x 1.562 4140 S t ee l  160,000 p s i  I n t .  Wrench 
1/4 x 1.125 4140 S t ee l  - 160,000 p s i  I n t  . Wrench 

3/4 x 2.853 Tool S tee l  -- 160,000 p s i  Hex 
3/8 x 1.078 Tool S t ee l  -- 160,000 p s i  Hex 
1/4 x 0.925 Tool S tee l  -- 160,000 ps i  Hex 

3/4 x 3-90 P;?minm 
518 x 1.75 ~ j l d  S t e e l  
3/% x 1.-75 Sta,i.nLess 

Hex 
Hex 
Hex 

Dril led Head 

Dri l led  Shank 
Dril led Shank 

Spherically recessed 
heads 
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BOLT LOAD - THOUSAND POUNDS 

Figure 8 - Frequency Change Versus B o l t  Load f o r  Three lviR1 Bolts 



? h ~  s P g n  of bf  a s  indicated i n  Figure 8 i s  negative. Similar  
~ 3 ~ l r p  \ czz obtained Yor a l l  of the  b o l t s  examined. Thus, a s  a b o l t  i s  

;e L -2 b ~ n ~ i o n  t he  frequency of a given n u l l  decreases. This frequency 
cccre::e i s  jn agreement with t h e  increased length bu t ,  a s  mentioned pre-  

, s _ , ,  -1. sign oS the  ve loc i ty  change i s  d i f f i c u l t  t o  predic t  unless t h e  
.o-cz ,-eJ ;r:.cd-order e l a s t i c  constants a r e  known, This i s  not too im-  
.,ou:z,- t we a r e  not able  t o  separate the  e f f ec t s  of A Q  and Av , 
o,t T V ~  %lrn experimentally observed t h a t  the  Av e f f ec t  i s  o f ten  l a rge r  
LI,-~ 5 P J R  ef fec t  and usually produces a decrease i n  f . Thus, t he  
I-- e " ec-c s ai.e usually addi t ive .  

Tt can be noted from Figme 8 t h a t  f o r  M R I - 1  bf i s  almost 70  
Pui a l ~ a d  of  9,000 l b , ,  a reasonably t yp i ca l  load f o r  t h i s  b o l t .  

,---ee ;h9 _?_L,?L frequency a t  zero load and 9,000 l b .  can each be reproduced 
so 5. l-r li? 1CG Rz, the  reproducibi l i ty  of Af should be t o  within approxi- 
r*a;eL: "rl) C<z i,  e ,  , equivalent t o  an e r ro r  of only about 0.3%. There a re ,  
~1 couxsc, other f a c to r s  which can increase t h i s  e r ro r  but t he  measurement 

ecaniqce ; i se l f  has high inherent accuracy. Some of t he  extraneous sources 
JS error kave been invest igated and a r e  discussed i n  the  following sect ions .  

?'5 IS possible t o  couple u l t rason ic  waves from a transducer 
J { - ~ i l y  ;a an op t i c a l l y  f l a t  surface without any intermediate coupling 

--"at. _ L _  !o ,~e;er ,  Sor t he  appl ica t ion a t  hand it i s  e s sen t i a l  t h a t  some 
Ln;er;neoxar,? nouplant be used. During t h i s  program numerous coupling 
l ~ l L ~ ~ d s  7 c?-5 _urvestigated including noncontact techniques with an i n t e r -  
- r P L z & t ~  ~-a",cil path, and contact techniques u t i l i z i n g  a wide var ie ty  of 
;riases, G L ~ S ,  and water. The contact technique appears t o  be the  most 
r;zomislcg, Creates t  reproducibi l i ty  has been achieved using a s i l i cone  
-2c~'Lv y325e 

F 

TVe grease couplant, of c o d s e ,  contributes t o  the round t r i p  
rerls,t; i ~ ~ e  o f  the ul t rasonic  s igna l .  This contribution i s  small, generally 
-, - , I  - -2s: ~'rm orie period of the ul t rasonic  frequency, but it cannot be 

;norer _(i J? ;y precise measlxements, e spec ia l ly  i f  absolute values a re  of 
-r - c res i  rolzunately,  such absolute measurements are  not required i n  the 

- - 
f r e q ~ e ~ c g ' - r , 1 ~ ~ ~  evaluation of load during assembly. As long as the thickness 
1 ~ s n  cc j p ? a n t  doesn' t  vary during the bo l t  t ightening process the bond 

cc; r t - l ' s~~, l ie~ r z r y  l i t t l e  e r ro r  t o  Af readings. I n  f a c t ,  we have found t h a t  
a 21 er b ~ l t  the transducer can be removed and replaced many times and 

1 Oi ;rersus load readings are  reproducible t o  approximately f 1%. 



The e f f ec t  of t he  couplant i s  much more troublesome when the  
ul t rasonic  load measurements a r e  made subsequent t o  assembly. I n  "chis 
appl icat ion we come c loser  t o  a need f o r  absolute ra ther  than r e l a t i v e  
measurements. Thus, t h e  absolute frequency of a given n u l l  must change 
very l i t t l e  from one bond t o  another. This var ia t ion  has been investigated 
and found t o  be about f 3% on surfaces t h a t  a r e  reasonably smooth and f l a t  
(about 60 win. RMS o r  b e t t e r ) .  The reproducibi l i ty  de te r io ra tes  with i n -  
creasing surface roughness. Other fac tors ,  more important t o  the  2ost-  
assembly load analysis  problem, a r e  discussed i n  Section V I I I .  

B. Bolt-End Geometry and Surface Condition 

Optimum ul t rasonic  measurements a r e  generally obtained on speci-  
mens with opposing surfaces f l a t  and pa ra l l e l .  These i dea l  conditions 
cannot be expected i n  most bo l t s ,  so some indicat ion of r e p r ~ d u c i b i l i ~ y  
i s  needed f o r  non-ideal conditions. We have t r i e d  t o  obtain such data i n  
a systematic invest igat ion of both spec ia l ly  prepared and "as received" 
bo l t s .  The r e s u l t s  of t h i s  study ind ica te  t h a t  non-parallelism of t h?  
b o l t  ends i s  l e s s  troublesome than we expected. Several  aluminum b o l t s  
of MRI-1 configuration were prepared w i t h  t he  head and end surface ov.t of 
p a r a l l e l  by various degrees. With non-parallelism ranging from 0 t o  20 
min., the  A f  values f o r  10,000 l b .  loads var ied by only f 1%. Some of 
these  same b o l t s  were then examined i n  t he  "as received" condition (except 
t h a t  the  previously mentioned metal bump on the  head was removed) and the  
data s c a t t e r  was s t i l l  l e s s  than f 2%. 

S t a t i s t i c a l  data were a l so  obtained on some of t he  3/8 i n ,  mild- 
s t e e l  b o l t s  (MRI-2) i n  t he  "as received'' condition. Here t he  experben ts  
were performed using a transducer-wrench t o o l  i n  a way t h a t  simulated actual  
assembly procedures ( see  Section VI) and t h e  s c a t t e r  was f 5%. The ex- 
periment was repeated on the  same b o l t s  a f t e r  t he  ends were ground f l a t .  
The load values were then confined t o  a range of f 2%. The grinding opera- 
t i o n  was performed by a hand-held technique, without any extreme care t o  
insure parallel ism. Based on t he  above r e s u l t s  and subsequent e::arninstion 
of the  bo l t s ,  it appears t h a t  accuracies a r e  s t i l l  sa t i s fac tory  (1: 5%) when 
the  b o l t  surfaces a r e  out  of p a r a l l e l  by more than 1 degree. 

Both of the  bo l t  configurations mentioned above (MRI-,l and NRI-2) 
had simple hex heads t h a t  were reasonably f la t .  Many b o l t s  have i d e n t i f i -  
ca t ion o r  a l loy  numbers stamped o r  embossed on t he  head. If  su.ch f igures  
i n t e r f e r e  with an intimate f l a t  contact between t he  transducer a,nd the bo1.t 
head, s ign i f ican t  e r ro rs  can be expected. The in te r fe r ing  chara.cters must 
be avoided o r  removed i f  ul t rasonic  analysis  i s  desired. 



I n  the discussion on transducer coupling it was mentioned t h a t  
J 2 .  (Fd4S) surface f i n i s h  gave s a t i s f a c t o r y  r e s u l t s .  The coupling 

:i rface car, probably be  even rougher, approaching 100 pin. (RMS), but  
- ~r,rocI~~cLb?Li Ly w i l l  genera l ly  decrease with increas ing roughness. The 

c s o s i r g  - s ~ . r P ~ e ,  i . e , ,  t h e  threaded end of t h e  b o l t ,  can be somewhat 
a ~ , ~ g - ? - ? i  -!!sac the head, The threaded end only serves t o  r e f l e c t  t h e  u l t r a -  
-,c ?ic %7?'es S x k  t o  t h e  transducer and a s  such it only needs t o  be smooth 
e r o ~ g h  t o  avord excessive incoherent s c a t t e r i n g ,  A f i n i s h  of 200 pin. 
i h & ; ~ )  CY bes te r  i s  usual ly  s a t i s f a c t o r y .  

Expressions ( 1 ) - ( 3 )  c l e a r l y  indicate  t h a t  the slope of a Af-versus- 
q ~ r e s s  CUVE should depend on both the  t o t a l  length and the  s t ressed length 
?f & 'c~lc. Experimental confirmation of t h i s  dependence was obtained 
. , n r c q h  G s e r i e s  of experiments where the  t o t a l  length and the s t r essed  
i~ rLgtr were var ied .  The r e s u l t s  of one such experiment are  shown i n  Figure 9 .  
A l l .  o f  these data  are  from the  same M R I - 1  type b o l t  whose overa l l  length 
WES ap_sroximately 3 i n .  and whose s t ressed  length was varied by changing 
_kit nzL p s i t i o n  along the  threads .  Between each s e t  of data the s t ressed 
Lcrgth w a s  changed by approximately one revolution of the nut or  0 . 1  i n .  
The load xas applied hydraul ica l ly  so t h a t  f o r  a given nut pos i t ion  thread 
J4i;veL was eliminated during the  loading cycle.  It i s  quite c lea r  t h a t  the 
slo2es oC t;ke Af-versus-load curves increase s i g n i f i c a n t l y  as  the s t ressed 
leagtq IS increased. Simi lar ly ,  Figure 10 shows the e f f e c t  of changes i n  
;oCal aolr; length when the s t r essed  length i s  held constant .  

The above r e s u l t s  emphasize t h a t  the  s t r essed  length and t o t a l  
stngth must both be known i n  order t o  determine the  load o r  s t r e s s  l e v e l  
represeased by a given Af value. However, the accuracy required i n  
c s t b . a t  ing these lengths i s  not g rea t ,  so compensation should not be too 
d l f f  f c u l t  , 

1"chould be recognized t h a t  some changes i n  t h e  s t r e s s e d  length 
2ec.cccs daring assembly. A s  t h e  nut on a b o l t  i s  t ightened by r o t a t i o n ,  
. ~ . f  sfireas -i;ravel. r e s u l t s  i n  a reduction of the  s t r e s s e d  length.  Thus, t h e  
estirne+e of s t r e s s e d  length should be made f o r  t h e  des i red  s t a t e  of s t r e s s .  
'i3i.s caa prokiably be done most e a s i l y  by e i t h e r  d i r e c t  c a l i b r a t i o n  o r  from 
:Ti~:~ensional information about the  p a r t s  t o  be fastened.  
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Figure 9 - Response Curves f o r  an Aluminum Bol t  With Indicated IY~ressed Length 
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Frgure 10 - Response Curves f o r  Two Aluminum B o l t s  of t he  Same St ressed  Length 
b u t  With D i f f e r e n t  Real  Length a s  Ind ica t ed  



D. Temperature 

Two different  temperature effects  were investigated a.s potential. 
sources of error.  The derivations of Appendix A clearly indica.te tha t  the 
frequency of a given nu l l  i s  dependent on any external variable which aPfects 
e i ther  the length of the bol t  or  the velocity of ultrasonic propaga-tion. 
Temperature w i l l  a f fec t  both of these parameters. Figure 11 shows the 
effect  of temperature on two of the bol ts  supplied by NASA. The frequency 
changes shown are  due t o  temperature-induced changes i n  length and velocity. 
The slopes of the two curves a re  quite different ,  just  as the Af-versus- 
s t r e s s  relationships are  different  f o r  these same bol ts .  Over the tempera- 
tu re  range represented i n  Figure 11 the  change i n  frequency i s  by no mezils 
small when compared with the stress-induced effects.  During the actual  
tightening of a bol t  the expected temperature change w i l l  be quite small 
and can probably be neglected. To insure tha t  t h i s  i s  the case, bol ts  
should be a t  approximately the same temperature as the hardware i n  krhicb 
they are  u t i l ized .  

In  contrast  t o  the above, s ignif icant  temperature changes are  
l ike ly  between assembly and post-assembly measurements. Thus, temperature 
corrections w i l l  def ini te ly be required fo r  any post-assembly load checks. 

The second temperature e f fec t  investigated was the influence o f  
temperature on the frequency-versus-load response. To examine t h i s  effect  
we studied an MRI-1  aluminum bol t  a t  two temperatures which differed by 
almost 40°C. The resu l t s  are shown in  Figure 12. It i s  quite satisfying 
to  see that  the change i n  response over t h i s  re la t ive ly  wide teniperatl~re 
range i s  quite small. I n  fac t ,  the minor differences are probably dae to  
a change i n  temperature tha t  occurred during loading a t  the lower tempera- 
ture .  Thus, it appears tha t  for  assembly type measurements the t,emper-atme 
should present no serious d i f f i cu l t i e s  so long as the temperature remains 
reasonably constant ( A T ~ ~ O C )  during the short period while the b o l t  i s  being 
tightened and the frequency nul l  measurement i s  taken. 

E. P las t ic  Yielding 

For the data presented thus f a r ,  the  bol t  s t resses  did not exceed. 
the y ie ld  strength. Thus, the unloading portion of a Af-versus--load plot 
closely retraces  the s t raight  l i ne  load curve and returns t o  the i n i t i a l  
condition. However, when the y ie ld  point i s  exceeded, the resul-ts a re  quite 
different ,  as i l l u s t r a t ed  i n  Figure l3. Plas t ic  deformation causes the 
slope t o  increase rapidly (primarily due t o  the change i n  length) and pre- 
vents the unloading curve from retracing the loading curve. However, the 
en t i re  unloading curve approximates a s t ra ight  l i n e  with a slope almost 
equal to  tha t  of the e l a s t i c  portion of the loading curve. The overall  
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Fi,gure LL - Changes i n  Null Frequency Versus Temperature f o r  Two NASA 
Supplied Bol ts  
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Figure 12 - Frequency Change Versus Load f o r  an (MRI-1) Almin.um B o l t  Held 
a t  t h e  Indica ted  Temperatures During t h e  Loading Operation 
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F i g l a e  13 - Loading and Unloading Curves f o r  an Aluminum Bolt Stressed 
Beyond the  Yield Strength 



response i s  very s imi la r  t o  t h a t  shown i n  an ordinary s t ress-s t ra . in  curve 
where p l a s t i c  deformation i s  present .  Under these  condit ions,  %h.e frequency 
i s  multivalued i n  s t r e s s  and ambiguity i n  s t r e s s  ana lys i s  i s  the re fo re  
poss ib le .  However, it i s  a l s o  c l e a r  t h a t  t h e  u l t r ason ic  technique might 
be use fu l  i n  detec t ing p l a s t i c  deformation, a  f e a t u r e  not  easily- deteeted 
with ordinary torque wrenches. 

The e f f e c t  of yielding was a l s o  invest igated i n  an experimen-i; i n  
which three  i d e n t i c a l  M R I - 1  b o l t s  were subjected t o  d i f f e r e n t  loading condi- 
t i o n s .  The r e s u l t s  a re  shown i n  Figure 14. A l l  three  b o l t s  exhi'bited 
s imi la r  behavior i n  the e l a s t i c  region but  the extent  of the region and the  
subsequent Af response was c l e a r l y  dependent on the loading condit ion.  
The b o l t s  f r ac tu red  a t  d i f f e r e n t  t e n s i l e  loads but  they a l l  f rac tured a t  
approximately the same value of Af , another fea ture  which may be of value 
i n  the rout ine  t e s t i n g  of b o l t s .  

The above r e s u l t s  ind ica te  t h a t  p l a s t i c  y ie ld ing  s h o u l b ' t  i n t e r -  
f e r e  with t h e  an t i c ipa ted  use of  t h e  frequency-null technique i n  load 
ana lys i s  during assembly. . I n  f a c t  t h e  technique should h e l p  i n  a,voiding 
such yie ld ing,  which normally i s  undesirable. However, l i k e  teu~pera ture  
changes, excess s t r e s s i n g  a f t e r  assembly, during s t a t i c  f i r i n g  f o r  exaxple, 
would change t h e  pre-assembly reference length and make post-assembly analys is  
more d i f f i c u l t .  

F. Shear S t resses  

The e f f e c t s  of shear s t r e s s e s  on null-frequency measurements a,re 
a l so  of i n t e r e s t  and have received some a t t e n t i o n .  Some ins ight  in to  zhis  
problem can be gained by re-examining Figure 14. Note t h a t  the Af-versus- 
tens i le- load response i n  the  e l a s t i c  region i s  very nearly the  same f o r  a l l  
three  b o l t s  even though two of them were loaded i n  torque tens ion.  The 
torqued b o l t s  were t h e o r e t i c a l l y  subjected t o  maximum shear s t r esses  or" 
approximately 18,000 p s i  a t  the upper end of the e l a s t i c  region.  The rnaxi- 
mum shear s t r e s s  l e v e l  a t  t h i s  point  i s  not too much l e s s  than the measured 
t e n s i l e  s t r e s s .  

Additional shear measurements were performed on b o l t s  of both 
the M R I - 1  and MRI-2 configurat ion.  Frequency-null observations were made oil 
the b o l t s  while we attempted t o  apply pure shear s t r e s s e s  without any t e n s i l e  
load superimposed. I n  r e a l i t y ,  some t e n s i l e  s t r e s s e s  were proba'oly present 
due t o  s l i g h t  bending which was d i f f i c u l t  t o  completely e l iminate .  The max- 
imum shear s t r e s s e s  were of approximately the same magnitude as  the %ensi le  
s t r e s s e s  which previously had produced Af values of 30-70 KHz. Under 
near ly  pure shear loading the  observed Af values were genera l ly  l e s s  than 
0.7 KHz. Even t h i s  small e f f ec t  was probably due t o  the  s l i g h t  bending 
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Figure 14 - Frequency Change Versus Load for Three Identical 314-1n. 
Aluminum Bolts Loaded in (A) fire Tension, (B) Torque- 
Tension with Threads Lubricated and (c) Torque-Tension 
Without Lubrication. Fracture, Symbol F. 



mentioned e a r l i e r  and discussed i n  more d e t a i l  i n  the  next sec t ion .  Thus3 
it i s  our conclusion t h a t  pure shear produces an  i n s i g n i f i c a n t l y  small 
e f f e c t  on the  propagation p roper t i e s  of a long i tud ina l  wave a s  ~ l s e d  i n  our 
measurements. 

G .  Bending 

Another source of e r r o r  which was inves t iga ted  i s  t h a t  o r  b c l t  
bending during t h e  t igh ten ing  process a s  might occur i n  a v a r i e t y  of a c t u a l  
f a s t e n e r  app l i ca t ions .  The condit ion was f i r s t  simulated by placing s t e e l  
shimstock under one edge of the  b o l t  head during the  loading process. The 
load was then  appl ied  hydrau l i ca l ly .  The r e s u l t s  of t h i s  t e s t  a re  shown i n  
Figure 15 .  The s t r a i g h t - l i n e  response representa t ive  of nonben(2ing condi- 
t i o n s  progress ive ly  degenerated a s  10, 20 and 30 m i l  shimstock was placed 
under one edge of the b o l t  head. The r e s u l t s  seemed t o  vary most widely 
under r e l a t i v e l y  l i g h t  load  condit ions,  and then  t o  become somewhat more 
cons is tent  a t  the  higher  loads .  The t e s t  was not  very quan t i t a t ive  but  i c  
emphasized the  need f o r  f u r t h e r  s tudy of the  bending e f f e c t .  

Further  t e s t i n g  was accomplished by screwing a s h o r t  segmenc of 
the  threaded end of MRI-1 and MRI-2 type b o l t s  i n t o  a r i g i d  b a r  o f  s t e e l .  
The b o l t  head was allowed t o  protrude from the  ba r  surface by varying 
amounts. A t ransverse  load was then  appl ied  t o  the  head so t h a t  the  lsolt 
underwent bending i n  a can t i l eve r  mode. A t ransducer  was coupled t o  xhe 
head and f r e  quency-null observat ions were made during bending. Prel iminary 
r e s u l t s  indica ted  t h a t  bf values of approximately 10 KHz could be crea ted  
i n  e i t h e r  MRI-1 o r  MRI-2 b o l t s  wi th  bending moments of approximately LOO 
f t - l b .  This was i n i t i a l l y  considered a r a t h e r  alarming r e s u l t  because 
10 KHz represents  a very  l a rge  e r r o r  compared wi th  the 30 t o  70 KHz oibserved 
f o r  ord inary  t e n s i l e  loads .  Continued inves t iga t ion  revealed t h a t  Af-versus- 
bending r e s u l t s  were qu i t e  s e n s i t i v e  t o  the  t ransducer  pos i t ion  on the  head 
of the  b o l t .  We then  discovered t h a t  the  frequency of a given n u l l  wsuld 
increase o r  decrease during bending depending on whether the  t ransducsr  was 
displaced t o  one s ide  o r  the  o the r  of the  n e u t r a l  f i b e r  of the  bending b o l t .  
I n  add i t ion ,  the  magnitude o f  the  Af e f f e c t  was observed t o  increase a s  
the  displacement from the  n e u t r a l  a x i s  increased.  With these r e s u l t s  we 
were able  t o  def ine  the  primary mechanism by which bending influenced f r e -  
quency-null measurements. It i s  simply through the  t e n s i l e  and/or c o q r e s  - 
s ive  s t r e s s e s  crea ted  by the  bending. I f  a t ransducer  i s  very ca re fu l ly  
centered on the  head of a b o l t  wi th  an  appl ied  bending fo rce ,  one-half of 
the  u l t r a s o n i c  beam t r a v e l s  i n  ma te r i a l  under compression and one-half 
t r a v e l s  i n  ma te r i a l  under t ens ion .  These s t r e s s e s  inf luence the incremen"iaL 
p a r t s  of the  beam i n  e x a c t l y  the  same manner a s  an  applied un iax ia l  s t r e s s .  
The o v e r a l l  r e s u l t  i s  t h a t  t he  u l t r a s o n i c  wave f r o n t  probably becomes non- 
p lanar ,  o r  i t s  o r i e n t a t i o n  a t  l e a s t  changes wi th  propagation; thus the wrve 
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Figure 15 - Frequency-Versus-Load Curves f o r  an  Aluminum Bo l t  With ( A )  0 Mils,  
(B) 10 Mils ,  (c)  20 Mils ,  and (D) 30 Mils of S t e e l  Shimstock 
Under One Side of t he  Bo l t  Head t o  Induce Bending During t h e  
Loading Operat ion 



f ron t  of a re turning echo i s  not completely p a r a l l e l  t o  t he  transducer 
surface.  The e l e c t r i c a l  s igna l  created by such a wave w i l l  be pb.ase sh i f t ed  
from the  condition represented by no bending. The magnitude of the  phase 
s h i f t  increases from the  no-bend condition a s  t he  beam i s  displaced fu r ther  
from the  neu t ra l  axis .  

With t he  above mechanism ac t ive  it i s  c l ea r  t h a t  frequency-null 
measurments may exhibi t  considerable s c a t t e r  i f  bending i s  present,  The 
e r rors  due t o  bending can be minimized by centering the  transducer on t he  
neu t ra l  axis  and, with care the  t o t a l  s c a t t e r  i n  a s e r i e s  of t e s t s  can be 
he ld  t o  a few percent. Nevertheless, bending does present one of the  l a rge s t  
sources of data s ca t t e r .  The reason f o r  t h i s  becomes qui te  c l ea r  by observing 
t h a t  t h e  maximum f i b e r  s t r e s s ,  i n  b o l t s  subjected t o  a bending nionzernt of 
125 f t - l b ,  may exceed the  recommended t e n s i l e  s t r e s s .  The s t r e s se s  t o  
bending are ,  of course, superimposed upon any t e n s i l e  s t r e s se s  due t o  b o l t  
t ightening and the  r e su l t an t  s t r e s se s  a r e  very inhomogeneous. Although 
frequency-null measurements may exhibi t  data s ca t t e r  r e l a t ed  t o  t he  inhomo- 
geneous s t r e s se s ,  it must be recognized t h a t  these  frequency var ia t ions  a r e  
indicat ive  of t r ue  s t r e s s  var ia t ions .  I f  these  var ia t ions  could be monitored 
by some ye t  t o  be developed multiple transducer technique, it might be 
possible t o  ul t imately  evaluate bending e f f ec t s  a l so .  

V. NASA SUPPLIED BOLTS (Phase I) 

Of the WSA supplied bo l t s ,  shown i n  Figure 5, the head eonfig- 
urations varied considerably. Because of embossed iden t i f i ca t ion  charac- 
t e r s  and complex heads, one bo l t  of each type (except those made of 4140 
s t e e l )  was f i r s t  prepared by machining the  head and threaded ends f l a t  and 
p a r a l l e l .  For b o l t s  which contained d r i l l  holes i n  e i t he r  the head o r  
shank, suf f ic ien t  material  was removed t o  eliminate the hole. The 4x40 
s t e e l  bo l t s  were not prepared i n  t h i s  manner because of the in te rna l  wreneh 
head; however, the bottom of the wrench hole was f l a t t ened  with an end m i l l ,  
These ra ther  idealized conditions were created i n  order t o  evaluate the 
Af-versus-load charac te r i s t i cs  of each bo l t  without undue influenef: from 
extraneous geometrical fac to rs .  

The Af-load charac te r i s t i cs  of the four 3/4 i n .  bo l t s  are shown 
i n  Figure 16.  Although the data presented i n  Figure 16 have not been 
normalized t o  a constant value of R ~ / Q ~  , s u c h  a correction would n o t  
e f fec t  a major change i n  any of the four response curves. Aluminm i s  
obviously the most sensi t ive  material  with the three s t ee l s  a l l  exhibit ing 
s ign i f ican t ly  smaller slopes.  
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f i g u r e  16 - Frequency Change Versus Load f o r  Four NASA Supplied Bol t s .  
A l l  a r e  3/4-in. b o l t s  wi th  head and threaded ends ma,chined 
f l a t  and approximately p a r a l l e l .  



The response curves fo r  three of the  smaller bo l t s  are  plot ted 
i n  Figure 17. Even i n  these smaller bo l t s  reasonably sa t i s fac tory  r e su l t s  
were obtained by simply using s i l icone vacuum grease to  couple the housed 
transducer t o  the bo l t  head. Using t h i s  technique we were able t o  exaxine 
a l l  of the  NASA supplied bo l t s  ( a f t e r  end machining) except MS 20004-10, 
the 1/4 i n .  bo l t  with an in te rna l  wrenching head. After t e s t i ng  different  
s i ze  bo l t s  of each al loy,  the load data were converted t o  s t resses  and the 
curves of Figures 18 and 19 were obtained. For each of f i ve  a l loys ,  Af 
i s  p lo t ted  against  several  calculated s t r e s s  levels  t o  which each bolt was 
tes ted.  Theoretically, a l l  of the data points should f a l l  on a s t ra igh t  
l i n e  passing through the or igin .  However, some deviation from t h i s  idea l  
can be traced t o  the f a c t  t ha t  a l l  s t r e s s  calculations were based on the 
diameter of the  bo l t  shank and no consideration was given t o  the two s t r e s s  
areas discussed e a r l i e r  i n  t h i s  report .  Under these conditions the r e su l t s  
a r e  ra ther  impressive. It i s  desirable t o  achieve good agreement of Af- 
versus-stress fo r  dif ferent  bo l t s  of a given a l loy  because t h i s  w i l l  PaciLi- 
t a t e  the extrapolation of a single cal ibrat ion t e s t  t o  bo l t s  of widely 
varying s izes .  A more detai led study of t h i s  problem i s  included i n  
Section VII. 

V I .  PROTOTYR3 INSTRUMETJTATION 

During Phase I1 of t h i s  program, prototype instrumenta.tion was 
assembled and checked out.  This equipment, t o  be delivered t o  the Marshall 
Space Flight Center fo r  fur ther  t e s t i ng  and evaluation, includes an electronics 
console, cables, transducers, and a few hardware items which f a c i l i t a t e  
t e s t i ng  bo l t s  with a var ie ty  of head configurations. We believe tha t  t h i s  
equipment i s  the bes t  solution t o  the bo l t  load analysis problerr. within the 
available time and funds of the  project .  Much of the electronic package 
was assembled from commercially available components. Certain rr~odifications 
and additions, which would f a c i l i t a t e  operation, a r e  discussed l a t e r  i n  
t h i s  Section. 

Figure 20 i s  a photograph of the  prototype equipment being used 
t o  s e t  bo l t  pre-loads. A block diagram of the prototype i s  sho~m i n  Figure 
21. I n  t h i s  equipment, the 1,000 Hz cal ibrat ion s ignal  from the osciLloscope 
i s  used t o  t r igger  the  gated amplifier and t o  control  the pulse repe t i t ion  
r a t e .  The s ignal  generator provides a variable frequency CW s ignal  t o  the 
inputs of the gated amplifier, the  frequency counter, and the phase de'cecisor, 
The r f  pulse output from the gated amplifier drives the transducer. The 
resu l tan t  signals from the pulse-echo t r a i n  pass through the phase deteekor 
module, which i n  tu rn  provides two separate signals t o  the double channel 
oscilloscope. Channel B of the scope displays the  unrect i f ied r f  pulse-echo 
t r a i n  and Channel A displays the same pulse-echo t r a i n  a f t e r  pha,se detection,  



Figure 1 7  - Frequency Change Versus Load f o r  Several  Dif ferent  Bol t  S izes  
and Alloys. Head and threaded end were machined f l a t  and 
p a r a l l e l  on a l l  b o l t s .  



ALUMINUM TITAN1 UM 

1 00 
0 1/4 IN. 

IN. 

TOOL STEEL 

80r 0 1/4 IN. 

3/8 IN. 

3/4 IN. B, 

80 
@ 3/8 IN. 

STRESS - KPSl 

43 1 STAl N LESS 

80r 0 1/4 IN. 

STRESS - KPSl 

6 0 -  

40 

20 

Figure 18 - Normalized Frequency Change Versus S t r e s s  f o r  NASA Supplied B o l t s .  
Head and threaded ends were machined f l a t  and parallel, 
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t 
To Transducer 

Componenfs are Identified as Follows; 

1 . Tektronix Oscilloscope Model 561 B 
2, Krohn-Hite Oscillator Model 4200R 
3. Eldorado Frequency Counter Model 325A (Modified) 
4, Arenberg Ultrasonics Lab Model PG650C Mod. l lJb 
5, MRI Made Phase Detector 

Figbare 21 - Block Diagram of Prototype Fastener Load Analyzer 
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A more de ta i l ed  descr ip t ion of the  prototype equipment and the  
procedure of operation a r e  included i n  t he  Technical Manual, I i ~ ~ c v e r ,  a. 
b r i e f  ou t l ine  of t he  operating procedure i s  included here  f o r  tkLe sake of 
completeness. After  t h e  equipment i s  warmed up, a su i t ab le  kre~nsiiueer i s  
applied t o  a b o l t  head and t he  pulse-echo t r a i n  i s  observed on Charnel B 
of the  scope. Two oscillograms from d i f f e r en t  b o l t s  a r e  shown i.13 17igl;ire 
22 with Channel B displayed a s  t he  lower t r a c e  i n  each case,  The f i r s t  
echo i s  i den t i f i ed  and the  sweep and hor izonta l  pos i t ion  contrcils are ad- 
justed u n t i l  t h e  f i r s t  echo i s  near mid-screen. The frequen.cy is then 
adjusted u n t i l  t h e  phase detected s igna l  corresponding t o  the  f i r s t  echo 
i s  e i t he r  a pos i t ive  o r  negative peak and t he  pos i t ion  controls  a r e  once 
again adjusted u n t i l  these  peaks a r e  exactly a t  mid-screen ( o r  any other  
convenient g r a t i cu l e  l i n e )  . Figure 23 includes several  o scillograms .which 
show the  phase detector  output ind ica t ing  d i f f e r en t  phase angles between 
t he  CW reference s igna l  and t he  f i rs t  echo s ignal .  I n  r e a l i t y ,  the p11ase 
detector  s igna l  can be s e t  t o  any convenient condition f o r  reference purposes 
but  we suggest t he  n u l l  condit ion corresponding t o  cp = 90 degrees ( ~ i ~ w e  
23b). (Note t h a t  t h e  9 = 90 degrees n u l l  condit ion i s  usually distir?guisha.@le 
from the  C+Q = 270 degrees n u l l  (Figure 23d) by t h e  slope of the  t r a ce  :rosxii-?g 
the  g r a t i cu l e  l i n e . )  Figure 24 shows another s e r i e s  of oscillograms from 
a s t a i n l e s s  s t e e l  b o l t .  

After  a reference phase condit ion i s  s e t  by manual a2,iustrnent of 
the s igna l  generator, the  frequency, f o  , i s  noted by reading the  dEgitaL 
counter. Then, by using p r i o r  ca l ib ra t ion  data t he  operator determines 
the  frequency change, A f  , corresponding t o  the  desired load candit ion,  
The value of A f  i s  subtracted from fo and the  s i gna l  generator Is  r e s e t  
u n t i l  the  counter reads the  frequency fP = fo  - Af . This ad:ust~ens of 
the  frequency, of course, destroys the  reference phase condition, ~;kici; 
must be rees tabl ished by loading t he  b o l t .  Thus, during the  ti5h"cniing 
operation the  operator simply observes t he  Channel A scope presenta t ion 
u n t i l  the  reference phase condition i s  rees tabl ished.  

Some care must be exercised when using the  above proe'eci.il.re 5.n 
examining long bo l t s .  I n  Sect ion I11 it was mentioned t h a t  i f  t he  frequency 
i s  changed by GF t h e  interferometer goes from the  nth  n u l l  co~:ldition - 1 ~  
the  ( n  5 1) n u l l  condition. Since AF = 1 / ~  , where T i s  the  rc~jrir: 
t r i p  t r a n s i t  time, we f i nd  t h a t  f o r  f a i r l y  long b o l t s  AF may be sn~a l l e r  
than the  des i red Af . Thus, when the  operator ad jus t s  the  frequency from 
fo- t o  f "he phase angle, ep , may change considerably more -kl?an 560 
degrees. I f  t h i s  happens t he  operator must observe exactly how ma,liy t imes, 
N , the  reference phase condition occurs during t he  frequency adjnstment, 
Then, as  the  b o l t  i s  t ightened the  system i s  returned t o  the  reference 
phase condition by counting through TJ. nu l l s .  This procedure :is axal_agous 
t o  t h a t  of counting f r inges  i n  an o p t i c a l  interferometer,  For a b o l t  6 in* 
long a t yp i ca l  value of AF might be 20 KHz. For high s t rength  s t e e l ,  suck 
a s  A286, the  value of A f  could exceed 150 KHz. Thus, N wou!-d be a t  l e a s t  
7 .  
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Figure 22 - Oscillograms Showing Scope P resen ta t ion  From ( a )  a 
3/4-1n. 431 S t a i n l e s s  S t e e l  Bo l t  (AN 1 2 ~ - 3 6 ~ )  and 
( b )  a  5/16-1n. Aluminum Bo l t    AN^ D D - 1 1 ~ ) .  The 
bottom t r a c e  i n  each osc i l logram i s  t h e  u n r e c t i f i e d  
pulse-echo p a t t e r n .  The t o p  t r a c e  i s  t h e  output  
from phase d e t e c t o r .  





( c  1 ( 
Figure 24 - Oscillograms From a 3/4-1n. Stainless  S tee l  Bolt (AN 1 2 ~ - 3 6 ~ )  With the Phase Detected 

Signal (Top Trace) of the  F i r s t  Echo Centered i n  the Horizontal Direction. The 
f'requency was adjusted t o  give varying phase angles between the f i r s t  echo and the  
CW reference signal.  The approximate phase angles are  ( a )  0 degree, ( b )  90 degrees, 
( c )  180 degrees, and ( d )  270 degrees. 



We have found that the above effect causes little difficulty? 
especially when numerous bolts of a particular description are being used, 
The value of N is easily established during evaluation of the first 
bolt. This same value is applicable to all similar bolts used in the same 
application. 

There are several additions or modifications which cculd be 
made to facilitate operation of the prototype equipment, For exmpLe, a 
gating circuit and signal level monitor could be included to automal;ically 
maintain a given null condition during the preloading operation. k4th this 
ty-pe of system the operator could simply set the reference null condition 
and note the frequency, fo. Then as the bolt preload is applied the 
signal level monitor would maintain the null condition by providing ai-, 
error signal to a servo-controlled oscillator. The latter would aucomati- 
cally adjust the frequency. The operator would stop preloading &en the 
counter indicates that the desired frequency, f' , has been reached, The 
aforementioned necessity of counting nulls would be completely elim?-na~ed 
in such an instrument. 

An important element of any ultrasonic technique for meas~aing 
bolt preloads is the transducer. Also of major importance is the metnod 
of applying the transducer to the bolt head in such a way that it does not 
interfere with normal wrench use. We have developed several schemes that 
satisfy these requirements. Although several attempts were made to incor- 
porate transducers into socket wrenches, we have concluded that such an 
arrangement has many disadvantages. The top photograph of Figure 25 shows 
such a spring-loaded arrangement with the active transducer centered in 
the socket head. When the socket wrench is placed over the bolt head, the 
transducer is automatically positioned and pressed against the hex head 
surface. Coupling of ultrasonic energy into the bolt, of course, requires 
the use of grease or some other suitable couplant which can be applle5 to 
either the bolt or the transducer prior to placement of the wrench-probe 
assembly. This technique provides reasonably good echo patterns so long 
as the socket wrench is not moved. However, when the wrench is actt~ally 
used to tighten the bolt, we find that the normal wrench wobble, ttnich 
occurs during this operation, also affects the ultrasonic echoes. "be 

observed changes were due to small, but undesirable, movement of the zraas- 
ducer. This problem was minimized by decreasing the mechanical coz.pling 
between the transducer and the wrench head, but completely satlsfactoqr 
results were never really achieved using this type of arrangement, 

The investigation of transducers led to two conclusions as 
follows: (1) Although there may be special applications where it ail1 be 
useful to permanently incorporate a transducer into a wrench head, i t  
appears much more reasonable to leave the transducer essentially independent 
of the wrench head, (2) Optimum results are obtained when the active 
transducer is damped with a suitable backing material. 



i Prototype Socket Wrench With iL,rfag Loaded Transducer   TO^) 
and Modified Socket Wrenerr Wick1 F l e e t r i e a l  Contact f o r  
Separate  Transducer ( ~ o t t o r n )  , 



The conclusion regarding the transducer-wrench relationship is based on 
the wide variety of bolt head geometries and wrenching requirements, Even 
for one specific bolt configuration, space limitations associated wiyq 
actual applications may necessitate the use of several different tyye 
wrenches. Thus if the transducers are incorporated into the wrench, a 
number of very specialized wrenches would be required for each bolt type- 
In contrast, if the transducer is independent of the wrench, then a slngle 
transducer may be used with a wide variety of bolt-wrench combinations~ 
In this latter case only a simple modification of the wrench is req~~ired 
to provide electrical contact to the transducer. 

One approach to the separate transducer idea is to simply use 
uncased piezoelectric elements. We have achieved good results with the 
LTZ-5 composition produced by Transducer Products of Torrington, Conne~ticu-L~ 
This particular formulation has a somewhat lower capacitance than most oi-1 %, 1er 
lead-titanate-zirconate materials, and thus does not have such a low Im- 
pedance at high frequencies. The uncased transducer is greased onto the 
bolt head, then electrical connections are made with a modified wrencli 
head (see Figure 25 - bottom). The bolt itself serves as the ground eon- 
nection but it is usually desirable to insure this ground through the 
wrench housing and back to the electrical console. The second connectton 
is made to the top electrode surface of the transducer by means of a light 
spring contact. With such arrangements the bolt can be completely tightener2 
with no adverse effects due to transducer movement. If the wrench bas to 
be removed during the torquing operation the electrical connections are 
broken, and the signal is lost. However, when the wrench is reapplied t A e  
signal returns and the ultrasonic measurement is made as if the connection 
had been continuous. Advantages of the uncased transducers include relatively 
low cost when purchased in quantity and relatively high signal Lesrels when 
operated near resonance. Disadvantages include fragility, very small size, 
and relatively narrow bandwidth. 

A second approach to the separate transducer technique, arid the 
one we recommend, involves placing the active transducer element in a 
small button-type housing which greatly reduces fragility and handling 
problems. A small amount of backing material can also be included 4n the 
housing to provide additional damping to the transducer. The latter w5lL 
generally reduce the available signal levels at resonance but it increass 
the bandwidth and thus facilitates use of a given transducer over a wider 
range of frequencies. The greater damping also facilitates use of shorter 
pulse durations which sometimes reduces confusion due to superposition of 
the desired echo and spurious signals. We have tried different materials 
for backing applications and have found several epoxy formulations that 
give good results. Metal powders have been mixed with some epoxies t:, 
give increased damping but clear epoxy is satisfactory. Figure 26 shoxs a 
cross sectional view of a small transducer housing. 



7 .fg!i~e 26 -- Cross -Sectional View of Small Cylindrical Transducer Unit 
Mounted on Bolt Head. A small spring clip affixed to the 
wrench will make electrical contact with the conductive 
plate during torquing operations. 



Several of the actual transducers, custom made for this program, are shown 
in Figure 27. 

In applications involving flat hex head bolts it is desirable to 
use relatively short transducers because of their increased sl;a?sility and 
resistance to tilting forces that might be exerted by the spring contact 
on the top surface. For bolts which have lightening holes in the head, 
it is necessary to use taller units, but the diameter of the housing can 
be designed to fit into the lightening hole in such a way that a Littie 
excess grease gives the transducer excellent stability. Illustrations of 
the above transducer applications and methods of making the el-ec'crical 
connections are shown in Figure 28. 

VII. CALIBRATION RESULTS 

After the prototype instrumentation was completely assembled, 
calibration data were collected for a large number of bolts supplied by 
the Marshall Space Flight Center. Most of the bolts enumerated. in Table 
I were calibrated along with additional ones shown in Figure 29, AI.1 
titanium bolts were calibrated in the "as received" condition except thzt 
the head was hand surfaced slightly with 400 grit paper to remove roughness 
associated with identification numbers. The 3/4 in. aluminum bolts -$rere 
treated similarly. The heads of all other bolts were machined slightly 
to reduce roughness or to make a flat bottom in an otherwise taper bottom 
lightening hole. 

For calibration purposes, each bolt was hydraulicallg loaded it. 
a Skidmore-Wilhelm torque-tension tester to a stress of about C , 4  of the 
ultimate tensile strength. The load was recorded along with the necessary 
bolt dimensions and the ultrasonic parameters, f and Af . In m o ~ t  cases 
each bolt was 'loaded several times and the transducer was removed ar.d re- 
applied between loading cycles. 

After all of the bolts were examined the Af and load data vere 
used to calculate the term (p/2 - a) , previously shown in Expression ( 3 )  
and derived in Appendix A. Expression (3) can be solved for ( f3/2 -" a) 
to give 

(~ecall that the P term controls the stress-induced change in velocity of 
the ultrasonic waves and cu , the reciprocal of Young's modulus, controls 
the stress-induced elongation of the bolt. Both of these ternis should be 
constant for a given material. ) 



Figure 27  - Severa l  Transducer Housings Designed 
f o r  S p e c i f i c  B o l t  Appl ica t ions .  



Figure  28 - Examples of Transducer and Wrench Connectors f o r  %~o 
D i f f e r e n t  Bo l t  Head Conf igura t ions .  The t o p  b o l t  
has a l i g h t e n i n g  hole  i n  t h e  head whereas t h e  bott3m 
b o l t  has a ' f l a t  hex head. 



r rg?~r .e  29 - Addi t iona l  B o l t s  f o r  Which Ca l ib ra t ion  Data Were Col lec ted .  



We would expect t he  value of (8/2 - CY) f o r  a given mater ia l  t o  be constan-, 
regardless of the  b o l t  s i ze .  However, it should be pointed oul; that thlrd. 
order e l a s t i c  constants, which a r e  included i n  the  term, do depend 
s ign i f ican t ly  on the  a l loy  and on the  grain  o r ien ta t ion .  Young's mo6ulus 
sometimes a l so  var ies  several  percent between d i f fe ren t  a l loy  compositions, 
These var ia t ions  have been tabulated by Smith e t  a1. ,10/ f o r  a few mater ia is ,  

I n  evaluating t h e  term (P/2 - CY) , hereaf te r  ca l l ed  K , we have 
defined t h e  s t ressed  lengths of t he  b o l t  a s  previously shown i n  F igwe 4, 
This i s  an a rb i t r a ry  def in i t ion  f o r  t h e  s t ressed  region does extend sorne~~hat 
beyond these boundaries. Some s t r e s s  analysts  add t o  the  above length an 
increment of length equal t o  th ree  times the  thread p i tch .  The defirii"coa 
of the  s t ressed  length w i l l  ce r ta in ly  a f f ec t  t he  value of K , but  most of 
t he  resu l tan t  e r ro rs  w i l l  be cancelled out i f  the  same def in i t ion  i s  used 
both during ca l ib ra t ion  and t e s t i ng .  

Table I1 contains the  K values as they were calculated from 
t he  ca l ib ra t ion  data.  Values a r e  given f o r  each tyye and s i ze  of b o l t ,  The 
standard deviations a re  a l so  tabulated along with information about t he  
number of bo l t s  examined and t he  t o t a l  number of readings. We would Like 
t o  make several  general observations about t h e  r e s u l t s  enumerated i n  Table 
I1 and then a few br ie f  comments about each group of bo l t s  (al:ioY type].  
F i r s t ,  note t h a t  t he  K values f o r  most a l loys  vary somewhat f o r  d i f fe ren t  
s i z e  bo l t s .  Only t he  two 4140 s t e e l  b o l t s  (MS 20006-14 and MS 20012-32) 
exhibited almost i den t i ca l  K values. The cause of t he  var ia t ions  observed 
f o r  other a l loys  i s  not wel l  defined but some of t he  var ia t ion  may be due 
t o  r e a l  differences i n  e l a s t i c  proper t ies .  Another fac tor  may be an over- 
s impl i f icat ion of the  s t r e s s  conditions and r e su l t an t  inaccuracies i n  
Expression (3) .  If t h i s  were the  major f ac to r ,  we might expect t o  see a 
monotonic t rend i n  t h e  K values f o r  increasing b o l t  s i z e  but such a Srend 
i s  not evident. Final ly ,  we note t h a t  aluminum' has by f a r  t he  Largest K 
values and 431 s t a in l e s s  has the  smallest .  The remaining s t e e l s  a11 exhibit  
K values t h a t  vary over a r e l a t i v e l y  small range. 
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The following specific comments are for the indicated aLLoy: 

A286 Steel: Three large bolts of this high strength steel were 
examined and the results were remarkably reproducible. A plot of df-versus- 
load data gave a straight line with very little scatter. 

AMS 5736 Steel: There is variation of about 6% between values 
for the 3/8 in. and 1/2 in. bolts. The much larger standard deviation 
observed in the data for the 1/2 in. bolts may be due to any nuniber of 

- factors where the sample number is so small. At any rate, a rel-atively 
small error would result if an intermediate value of K were used for 
both bolts. 

4140 Steel: Little comment is required here. Excellent agreement 
was obtained between the different size bolts and the data scatter was small, 

Tool Steel: Various size bolts exhibited K values ishieh appear 
to be significantly different. The total variation amounts to about l8$, 

Steel Cap Screws: The K values differ by about 20%. Tnci- 
dentally, these caps screws and any other bolts which use internal wrenching 
probably present the greatest problem to successful ultrasonic analysis 
of preloads. 

431 Stainless: This alloy gave some rather unusual results in 
that a number of the 3/8 in. and 3/4 in. bolts did not exhibit a completely 
linear relationship between Af and load. Figure 30 shows the -;wo distinct;y 
different types of data obtained. Of the seven 3/4 in. bolts exasnined, oriiy 
two exhibited response characteristics similar to that of Curve A, Thereas 
five produced data like Curve B. For the latter five, the bred;; in the 
slope occurred at about the same load and the Af at maximum load was qufte 
reproducible. There was no indication that these bolts were from different 
lots but the dissimilarities were striking. Table 11 contains 1211ly data 
for those bolts which did give a linear response over the whole range, We 
were never able to completely explain the nonlinear characteristics of the  
other stainless bolts, but we believe that they may be related zo a corrb ina t ron  
of magnetic effects and residual stresses. 431 is ferromagnetilcl and as 
such it could exhibit a strong "AE" effect, i.e., a change in Yo"mgts 
modulus related to the degree of magnetization. Furthermore, the stable 
orientation of domains in a ferromagnetic material depends on eqrstal 
structure and stress. Thus, we have theorized that in those bolts ? i i n b  

exhibited a break, a residual stress may have been present which produced 
nqses a net domain alignment perpendicular to that caused by tensile str,, 

along the bolt axis. When the tensile stress effect became larze enough 
to overcome the residual stress effect, the domains started to realign 
themselves, resulting in a slight change in Young's modulus and pe~ka~s a 
break in the Af data. 



LOAD, POUNDS 

F IL  ur- 3 - A?-lrersus-Load f o r  Two D i f f e r e n t  3/4-1n. Bol ts  of  431 S t a i n l e s s  S t e e l  



We performed a few experiments with a magnetic f i e l d  which did influence 
the hf readings, but we were unable t o  def ini te ly confirm the tbe013i 
mentioned above. A l l  of the 1/41 in.  bo l t s  examined exhibited the normal 
l inear  response without the break observed i n  the 3/8 in .  and 3/14 in .  bo l t s*  

Aluminum: The specification covering the manufacture of these 
bol t s  permits the use of several alloys. This may explain some of the 
observed variations between different  s ize bol ts .  As mentioned p r e ~ ~ o u s l y ,  
aluminum undergoes a re la t ive ly  large change i n  velocity and length for  a, 
given s t ress .  

Titanium: Whereas the l o t  or igin of most of the steel. and 
aluminum bol t s  was impossible t o  identify,  the titanium bol t s  were clearly 
marked as coming from three different  suppliers. The three supplier marks 
were BM, Camcar, and VB. Furthermore, a l l  bo l t  ident i f icat ion numbers 
contained a V which supposedly indicates tha t  the  alloy i s  6$ alminum- 
4% vanadium. The specification covering the  manufacture- of these bol t s  
permits use of e i ther  the 6A1-4V al loy o r  a 4A1-4Mn alloy. O f  the five 
1/4 in .  bo l t s  inspected, three were ident i f ied BM and two carried tlie 
Camcar mark. The two EN bol t s  had a much larger  K value than the three 
Camcar bol ts .  Although a l l  of these bol t s  contained a V i n  %he ident i f i -  
cation number, some r e a l  differences ex is t  i n  the  physical properties, 
For example, we found tha t  the Caacar bol t s  had a s ignif icant ly greater 
hardness than the BM bol ts .  Of the three 3/8 i n ,  titanium bol t s  one carried 
the BM mark and two bore the Camcar mark. A l l  of the 3/8 in .  bo l t s  gave 
K values f a i r l y  close t o  the 1/4 in .  Camcar bol t s .  Furthermore, we were 
unable t o  observe s ignif icant  differences i n  hardness between the BY and. 
Camcar bol t s  of the 3/8 in .  s ize.  A l l  of the  1/2 in.  bo l t s  bore the Vi3 
mark. 

The titanium data cer tainly suggest t ha t ,  a t  l eas t  for  that  alloy, 
A f  r esu l t s  may vary s ignif icant ly between bol t s  of a different; l o t ,  This 
variation may be due to  different  heat treatments or  perhaps the use of a;n 
ent i rely different  alloy. Further study of t h i s  problem i s  def ini te ly needed 
pr ior  t o  f i n a l  acceptance of ultrasonic techniques fo r  measuring preloads, 

There i s  one additional observation tha t  can be made regarding 
Table I1 and the K values determined from our ultrasonic measurements. 
Once again we r e c a l l  t ha t  K = ( $/2 - or) , and tha t  @ control-s the xtrexs- 
induced elongation of the bol t .  From our data we can evaluate @ from 
knowledge of K and or . For a l l  the bol t s  inspected during t h i s  pr grm 

@ has a negative value and the ultrasonic velocity decreases wi.tln increasing 
t ens i l e  s t ress .  Thus, the velocity change increases the  t r a n s i t  time just 
as the increased elongation does. The magnitude of @/2 i s  generally 2 
t o  3 times as large as or so the  velocity effect  i s  greater than the 
elongation effect .  



Ear1.i.e~. i n  t h i s  section it was mentioned tha t  $ can be calcu- 
Lz:;L-:l. d2rectly from second and t h i r d  order e l a s t i c  constants. Smith e t  a1. ,10/ 
have ta70ulated these constants f o r  several  di f ferent  materials.  The al loys  
~.t~;~c:ied by Xmi.th and those used i n  t h i s  program were not ident ical ,  but 
-of- r> <2*fi-,-)-, -n - L .., - ,cbAisom purposes we used some of h i s  data t o  calculate  $ . Using 
an a,-wrage K value f o r  the s t e e l  bo l t s  of -1.3 x 10-7 in2/lb, we get  
B - -;...9il: x 10-7 in2/lb. From the Smith data fo r  REX 535 s t e e l  we calcu- 
j_z.%edl a value of P = -1.57 x in2/lb. The only other mater ia l  on which 
w e  eo~;-Ld make a, comparison i s  aluminum. From our data we used K = -4.5 x 10-7 

i- ' 

ifi~: / lb as an average and thus obtained f! = -7.05 x 10-7 in2/lb. The Smith 
dcuza for  M S - E  (5554) aluminum yielded a f! value of -6.89 x 10-7 in2/lb. 
Z " h . 3 ~  agreement i n  these 'two, cases i s  f a i r l y  good considering the f a c t  t h a t  
YLE alloys are not ident ical .  

_'he K values presented i n  Table I11 can be used with Expres- 
q L-t,, + t-f ( 3 )  t o  calculate the desired A f  f o r  a wide range of bolt  and load 
co?d i t i ons ,  However, u n t i l  addit ional experience i s  gained through use of 
4- dne u-trasonrc analyzer, it may be more prac t ica l  t o  approach a few specif ic  

problems i n  the following way. F i r s t ,  simulate the bolt  application i n  a 
tc:q~e-tension t e s t e r ,  i . e . ,  duplicate the s t r e s s  length and load condi- 
~ ; o c ~  uslng bolts iden t ica l  t o  those used i n  the ac tua l  application.  Deter- 
r n I y l c -  a f  for  t h i s  specif ic  load condition, then simply torque the bolts 
IC the L'inal application t o  t h i s  same frequency change. 

V I I I  . IU3CHECK CAPABILITY 

The c s j o r  differences t ha t  ex i s t  between analyzing bo l t  loads 
d ~ z e n g  assembly and subsequent t o  assembly have been discussed previously, 
bvr some fur ther  comments regarding the recheck capabi l i ty  a r e  i n  order. 
The preload determination requires only a short  term measurement of r e l a t i v e  
change ir the frequency of a given nul l .  The recheck capabi l i ty  requires 
P 

a conparisor of two absolute t r a n s i t  time measurements which may be made 
weeks o r  months apar t .  

There a re  several  ul t rasonic  techniques which can provide high 
a p - ~ r a c l e s  2n measuring absolute t r a n s i t  times, but there  i s  more to  the 
reLlne-k problem than simply measuring the t r a n s i t  time. For example, 
cL>rsrJez the roimd t r i p  t r a n s i t  times f o r  two bol t s  which a re  iden t ica l  
En every yespeel; except length. Let one bo l t  be 2.000 in .  long and one 
2 ,013  ir, long. The f rac t iona l  difference i n  t r a n s i t  time between these 
bo-r,s 1s  c . o ~ / ~ , o  2 0.005. This value i s  of the  same order of magnitude 
as t71e f r ac t loaa l  change i n  t r a n s i t  time produced by s t resses .  Thus, it 
is g ~ i i ; e  obvious tha t  i f  t r a n s i t  time measurements a re  t o  be of any value 
i n  rzcnecking bol t  loads, a t  l e a s t  one of the  following conditions 



must be met: (1 )  the t o t a l  lengths and stressed lengths of bol ts  used i n  
a specific application must have variations of l e s s  than about 0,001 i n , ,  
o r  (2) record keeping w i l l  be necessary fo r  comparative reading on each 
bol t .  The second condition i s  probably the most acceptable so:L~tiorr,~ 

A very limited investigation of the recheck problem was performed 
during t h i s  program. Absolute t r a n s i t  time measurements were mede or* a 
few bol t s  and a rough correlation with s t r e s s  l eve l  was achieved, These 
measurements were made by scanning across a se t  number of nul ls  and then 
defining the parameter AF discussed i n  Section 111. 

The reproducibili ty of AF measurements generally increases as 
the number of nul ls  increases. Thus, once again it i s  desirable t o  use 
damped transducers with wide bandwidths. Further study of the recheck 
problem should be directed a t  establishing error  l imits  f o r  a very 1imi"ced 
number of bol t s  under conditions of both permanently affixed and removable 
transducers. Careful consideration should also be given t o  the  influence 
of temperature changes and methods of compensating f o r  such changes, 

I X .  CONCLUSIONS AND RF,COMMGNDATIONS 

The resu l t s  achieved during t h i s  program clear ly indicate tha t  
ultrasonic techniques can be quite useful i n  evaluating bol t  preloads, 
Fotential  accuracies a re  much higher than those of torque wrenches or PLI- 
washers, but a number of factors  can reduce prac t ica l  accuracies below the 
inherent maximum. Although additional tes t ing  and evaluation are  always 
desirable, we of fer  the following conclusions based on resu l t s  t o  date, 

1. Most bol t s  can be tes ted  sa t i s f ac to r i ly  a t  a frecq.iency of 
7 .5  t o  8.0 MHz. 

2 .  Simple hex head bol t s  can be inspected i n  the "as received" 
condition i f  there i s  an adequate f l a t  area (@ 3/8 in.  diamete:r) near the 
middle of the head with a surface f in i sh  of 100 pin. RMS o r  be t t e r ,  The 
opposing end (threaded end) can be somewhat rougher (200 pin. RMS ) but it 
should be within about 1 degree of pa ra l l e l  t o  the  head surface, 

3 .  Bolts with recessed lightening holes i n  the head can bi. 
inspected also.  The bottom of the  lightening hole should meet the s m e  
conditions outlined above for  hex head bol ts .  

4. Transducers a re  easi ly  applied t o  the  bol t  head .with a 
sui table  couplant such as  s i l icone vacuum grease. Elec t r ica l  ~comec"i;ons 
t o  the transducers can be made by spring c l ips  attached t o  a wrench o r  



other torquing device. Some difficulty may be encountered in applying 
transducers and making satisfactory electrical connections on bolts with 
internal wrenching holes. 

5, The inherent errors of the interferometric methods developed 
during this program are less than k l$, Iiowever, other factors including 
variations in material properties and dimensions may increase the errors 
to more than 1%. For critical applications, where fairly tight tolerances 
are held on dimensioning and material variability, errors of less than 2- 
3% are easily attainable. 

6 .  Temperature variations produce no problems in measuring bolt 
preloads if, during assembly, the bolts are in approximate thermal equi1ibri.m 
with their surroundings. 

7. Bending effects can produce significant amounts of data 
scatter; however, the ultrasonic interferometer responds to these bending 
effects through much the same mechanism that it responds to pure tensile 
stresses. The resultant scatter is indicative of real variations in tensile 
stress conditions. The influence of bending is minimized by centering the 
transducer on the bolt axis. 

8. In laboratory tests where ultrasonic measurements can be made 
concurrent with load measurements, the deviation of Af-versus-load plots 
from linearity gives a very accurate indication of the onset of plastic 
yielding. Such tests may be useful in evaluating bolt performance or 
material variability. 

9. Our calibration data suggest that increased accuracy will be 
achieved if separate calibrations are used for different size bolts even 
when all bolts are of the same material. The reason for this is still 
wrknown. 

LO. Although this program did not emphasize development of a 
technique with capability for rechecking bolt loads subsequent to assembls 
there is a possibility that the same instrumentation can be used for this 
purpose, Further work is require& to establish the accuracy and reproducibility 
of such measurements. 

Recommendations: 

1. Prior to extensive use of the interferometer technique, we 
recommend that the following procedures be used for one or more specific 
bolt applications where high accuracy in preload analysis is desired. 
First, simulate the actual stress length and load conditions as close as 
possible in a torque-tension tester. Determine the Af value corresponding 



t o  the desired hydraulic load l eve l  for  a t  l eas t  f ive  bol ts .  Average the 
r e su l t s  and use t h i s  mean as  the  cal ibrat ion value. Then torque 5-50 
bol t s  t o  the above Af value and read the load direct ly  from the gage on 
the torque-tension t e s t e r .  The spread i n  the l a t t e r  readings shouPd.be 
representative of tha t  experienced i n  the actual  application. 

2. In  order t o  evaluate the  re la t ive  accuracies and 'ul.timate 
potent ial  of ultrasonic techniques i n  measuring bol t  preloads, we reeom- 
mend tha t  a comparison be made between the interferometer technique and 
the time-of-flight technique as  both a re  applied t o  the same s e t o f '  bo l t s .  
Such a comparison would f a c i l i t a t e  the  selection of the most a d e g a t e  
technique fo r  a desired degree of accuracy. 

3. Further studies should be directed toward the developen% of  
recheck capabi l i t ies  based on comparative measurements of a b ~ o l u t ~ e  t r a n s i t  
times. 
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APPENDIX A 

FREQUENCY-NULL RESPONSE FOR STRESSED BOLTS 

Consider t h e  b o l t  sketch previously shown i n  Figure 4a where the  
o v e r a l l  b o l t  length  i s  R t  . P r i o r  t o  s t r e s s  app l i ca t ion ,  the  u l t r a son ic  
pa th  length  would be 2Rt . Assume t h a t  the  u l t r a son ic  frequency- i s  ad jus ted  
f o r  a  n u l l  condit ion which should occur approximately when an  i n t e g r a l  n m -  
b e r ,  N , wavelengths f i t  i n t o  the  t o t a l  path length .  Thus, 

There a re  o the r  f a c t o r s  such a s  phase changes a t  the  t ransducer  and b o l t  
end which w i l l  a l t e r  Expression (A-1) bu t  a s  long a s  these  f a c t o r s  remain 
constant ,  the  end r e s u l t s  of the  following de r iva t ion  w i l l  not he af fec ted  

Now assume t h a t  the  same n u l l  i s  maintained by changing the Pre- 
quency t o  f '  a s  a  t e n s i l e  load i s  appl ied  t o  the  b o l t .  The t e n s i l e  LoacT. 
i s ,  of course, only appl ied  over t h e  length  Q~ , but  it produces a change, 
AR , i n  the  o v e r a l l  length  and a  new v e l o c i t y  v '  i n  the  s t r e s s e d  region ,  
We can now wr i t e  

But s ince the  same n u l l  condit ion i s  maintained, the  in t ege r  N i s  the  
same i n  (A-1) and (A-2). These expressions can then  be equated and we 
ob ta in  - 

which can be '  s impl i f ied  -to 

where Af = f ' - f o  . However, t h e  term A A / ~ ~  i s  equal  t o  t h e  e l a s t i c  
s t r a i n ,  s = S/E , where S  i s  the  s t r e s s  and E i s  Young's mo,.odulus, We 
can a l s o  w r i t e  v '  = where $ = and y i s  a constant  



for a given m a t e r i a l  and p i s  t he  dens i ty .  For a b e t t e r  understanding 

3f the  s ign i f i cance  of y , t h e  reader  i s  r e f e r r e d  t o  t h e  fol lowing r e f e r -  
ence (9. T. Smith, Ul t rasonics ,  l., 135, 1963).  Expression (A-4) can then  be 
w f i t t e n  a s  

where cr = I@ . Since U S  << 1 and p S  C< 1 , we can approximate expres-  
s ion  (A-5) as follows: 

Thus, we see t h a t  ~ f / f '  i s  l i n e a r  w i t h  s t r e s s ,  S , and depends on t h e  
dimensions A s  and R t  , a s  w e l l  a s  t he  m a t e r i a l  cons tan ts ,  B and cu . 

For b o l t s  having two d i f f e r e n t  cross-sect ional .  a r eas  w i t h i n  the  
l e r g t h  , t  (see Figure 4b) ,  it i s  necessary  t o  w r i t e  

xchere S i s  the  s t r e s s  i n  l eng th  A s  and S' i s  t he  s t r e s s  i n  l eng th  
R ,  r . Since the s t r e s s  i n  each sublength i s  r e l a t e d  t o  t he  o v e r a l l  load,  
L , an& t he  e f f e c t i v e  c ros s - sec t iona l  a r e a ,  A , we can a l t e r n a t i v e l y  w r i t e  
(A-7)  as fol lows:  

I n  expressions (A-6) through (A-8) t he  o r i g i n a l  frequency f, could be 
s u b s t i t u t e d  f o r  f '  w i t h  l i t t l e  l o s s  i n  accuracy s ince  t h e y  d i f f e r  by l e s s  
than one par t  i n  100. 
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